We performed observations of the low-frequency discharge current oscillation of a Hall thruster by widely varying the external control parameters, and successfully clarified the range of parameter conditions required for oscillation-free stable operation. Furthermore, to control the parameters inside the stable operation region even during transient operations, we developed a method of synchronous control of the anode power conditioner and magnetic coil power conditioners. Upon applying this method of control to the newly developed power processing unit, Low-frequency oscillation-free operation was realized even for transient operations such as turning on the thrusters, changing the thrust condition, and turning off the thrusters. Also, the electromagnetic interference noise in the primary bus power lines was demonstrated to be sufficiently small.
Introduction
The Hall thruster has many features such as high thrust density and a relatively simple structure. Therefore, among the various types of electric propulsion systems, Hall thruster is most suitable for next-generation large-thrust systems, and Hall thruster systems with a thrust of more than 250 mN have been developed 1) . We are also developing, as a next-generation large-thrust electric propulsion system, a Hall thruster whose thrust is more than 250 mN, and specific impulse is over 1500 sec for an electric power supply of less than 5 kW 2) . We are also developing a power processing unit (PPU) to drive our Hall thruster 3) . The PPU has a very important role in the electric propulsion system, and it is very important to simultaneously develop both the thruster and the PPU. One of the reasons for this is that, because the Hall thruster is a discharge apparatus that produces thrust by generating plasma, it has nonlinear electric characteristics and thus requires special control methods. The performance of the PPU affects the stability of the discharge. In particular, special control of the PPU is necessary to turn on the thruster.
The other reason is the electromagnetic compatibility (EMC) with other equipment in the satellite. It is known that the discharge current of the Hall thruster has many oscillation modes 4) , and the low-frequency oscillations around 10 kHz may not only affect the performance of the hall thruster but also have a detrimental effect on the other equipment through the PPU and bus power lines. Therefore, the suppression of the low-frequency oscillation is essential for the development of the Hall thruster system. Many studies on low-frequency oscillation have been conducted 5, 6) , but most of them have discussed only the stationary operation and have not considered the oscillation suppression under transient operations. Also, few studies mention the effect of the power supply and the practical applications of the PPU control.
The objective of our study is to clarify the conditions required for realizing low-frequency-oscillation-free operation and the stable operation of a Hall thruster over a wide range of parameters. We discuss how to control the power conditioners (PCs) to suppress the oscillation, particularly when the operation or thruster conditions change temporally during the practical application.
First, using a development-model (DM) Hall thruster and PPU, we observed the low-frequency oscillation while varying the external control parameters to clarify the stable operation region. Then we developed a synchronous PPU control method, which enables oscillation-free stable operation even during transient operations such as turning on the thruster.
Then, when developing an engineering-model (EM) PPU, we incorporated the PPU control method, and by performing a coupling test of the EM-PPU and EM-Hall thruster, it was demonstrated that low-frequency oscillation-free operation was realized, even for transient operations such as turning on the thrusters, changing the thrust condition, and turning off the thrusters. Also by measuring the conductive emission (CE) to the primary bus power lines, the electromagnetic interference noise through the PPU was shown to be sufficiently small. We consider that, using the developed control method, low-frequency oscillation-free can be achieved and electromagnetic noise can be practically suppressed. Figure 1 shows the axial cross section of the Hall thruster, the block diagram of the power supply and the mass flow controller (MFC) for propellant gas. The Hall thruster we developed is a magnetic layer type 7) , which is characterized by a stationary plasma thruster (SPT).
Experimental Setup
A hollow cathode is fitted externally because the Hall thruster requires an external electron source. The PCs are fitted with a keeper electrode and a cathode heater electrode. The MFC is used to supply Xe gas to the hollow cathode. As long as the hollow cathode operates stably, it rarely affects the oscillation. Therefore, we did not consider the operation conditions of the hollow cathode in this study. Xe gas is also supplied to the anode electrode through an MFC. Here, Q indicates the gas flux of the Hall thruster and does not include the gas flux of the hollow cathode.
The Hall thruster is equipped with PCs for the anode electrode, an inner magnetic coil, and outer magnetic coils. The currents of the inner and outer magnetic coils can be individually regulated. The operation conditions are determined by four parameters: the anode voltage V a , propellant gas flux Q, inner magnetic coil current I ci and outer magnetic coil current I co . The oscillation is detected by measuring the anode current I a . 
Oscillation-Mode Mapping and Development of Synchronous Control of PCs
First, we performed a coupling test of the DM Hall thruster and DM-PPU while widely varying the external control parameters: anode voltage V a , Xe mass flow rate Q, and magnetic coil current I c , and observed the waveforms of the anode current I a in the stable operating state. In this measurement, we fixed both the inner magnetic coil current I ci and the outer magnetic coil current I co to I c . The measured oscillation strength is estimated by the following equation using the standard deviation,
where τ is the period of current measurement.
As the basis of the measured results, we carried out an experimental and theoretical study of the low-frequency oscillation of the Hall thruster and concluded that the oscillation mode is clearly determined by the external control parameters V a , Q and I c 8) . Figure 2 shows the relationship between the parameters and the oscillation mode:
we refer to such a diagram an oscillation-mode-map. The oscillation amplitude contour is plotted with the product of the anode voltage V a and gas flux Q on the ordinate, and the magnetic flux density (or coil current) on the abscissa. Figure 2 shows the classical diffusion region. It is desirable to operate the Hall thruster within the stable operation region, but the boundary of the region is sloped. The figure shows that when the anode voltage V a or gas flux Q changes transiently, the coil current must be controlled synchronously depending on V a or Q. 
Stable Operation Region
suppression of oscillation is particularly important when the operation or thruster conditions change temporally. When the operation conditions such as V a , or I c change transiently, the set of external control parameters may enter the region in which the current oscillation becomes very severe, and the momentary strong oscillation may have a fatal effect on the satellite system. Figure 3 shows the voltage and current waveforms of the conventional thruster start-up. Conventionally the coil currents are applied beforehand and kept constant, and then the anode voltage is applied. Halfway through start-up, current oscillation can be observed.
In Fig. 2 , the boundary of the stable operation region is the line (V a *Q)/B 2 =const, where B is the magnetic flux density. Because the gas flow rate Q can be considered as constant during the short start-up time, to remain in the stable region during the start-up, the coil current should be controlled to roughly satisfy the relation (V a *Q)/B 2 =const as the anode voltage increases 9) . Figure 4 shows the voltage and current waveforms when the coil current and anode voltage are synchronously controlled. The inner and outer coil currents begin to flow slightly before the anode voltage is applied, and the coil currents gradually increase with increasing anode voltage. Two improvements are obtained by this start-up method.
One is that the current oscillation is suppressed halfway through the voltage increase. Because both the anode voltage and the coil currents synchronously increase, the set of parameters remain in the stable operation region. This effect can be clearly observed in the traces of voltage and magnetic flux density in the oscillation-mode map (Fig. 5) . This result indicates that the current oscillation during anode voltage start-up can be strongly suppressed by controlling the PCs more accurately.
The other improvement is that no pulse current occurs at the moment of ignition. This is because the magnetic flux density is weak compared with that during the conventional start-up, and the ignition occurs at a comparatively small anode voltage.
As shown in these start-up cases, the anode PC and magnet coil PCs can be controlled so that the parameters remain in the stable operation region in Fig. 2 , not only for the stable operations, but also for transient operations such as start-up and changing the thrust condition. This method is expected to be very important for the stable control of the Hall thruster.
Application to the Engineering Model
On the basis of the above-mentioned results, in the next stage of development (EM), we apply the mechanism to synchronously control the anode PC and magnetic coil PCs. Using this method, we can control the Hall thruster system so that it always remains in the stable operation region, even for transient operations such as thruster start-up. Figure 6 shows the state of the plasma plume of the EM Hall thruster. Figure 7 shows a photograph of the EM-PPU. The measurement configuration of the coupling test for the EM-Hall thruster and EM-PPU 3) is basically the same as that for the measurement of the DM (Fig. 1) . Figure 8 shows the PPU output current and voltage waveforms when the thruster and PPU are turned on. Figure 9 shows the primary current waveform supplied to the PPU through a 100 V bus power line. In this experiment I ci and I co are controlled to be always equal to I c . The coil currents are supplied beforehand, and the coil currents are gradually increased. The anode voltage is applied after the coil currents are supplied, then is increased. In this experiment, the Xe gas mass flow rate is maximized; for the conventional start-up (Fig. 3) , stable start-up was impossible at this maximum mass flow rate because of the intense pulse current at ignition and the strong current oscillation. A stable start-up at the maximum mass flow rate can only be realized by the synchronous PC control method.
In Fig. 8 , the increase in the anode voltage waveform exhibits two stages, and the thruster impedance changes suddenly. We consider that this sudden change corresponds to the "knee point", where almost all the 
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Pb_50 propellant gas is ionized 10) . Figure 9 shows the primary current supplied to the PPU. The inrush current is suppressed to about 3×10 4 A/sec, which is less than that generally required for the satellite system: 1×10 5 A/sec. The electromagnetic interference noise when the plasma jet is turned on shown to be sufficiently small. Figure 10 shows the trace of the voltage and magnetic flux density in the oscillation-mode map for the EM-Hall thruster and PPU. The dotted line shows the boundary of the stable operation region. The PPU must be controlled so that the trace remains inside the stable operation region.
Figures 11 and 12 show the operational transient characteristics. Figure 11 shows the PPU output voltage and current waveforms, and Fig. 12 shows the primary current supplied to the PPU. The oscillation strength of before, after, and through the change in the anode voltage can be predicted from the oscillation-mode map. In this case we kept the mass flow rate and coil currents constant. We can successfully avoid current oscillation and electromagnetic interference noise in the primary circuit. Also Figs. 13 and 14 show the turning-off characteristics of the plasma jet. For the case of turning off the jet, the magnetic field must be applied until the anode voltage decreases and the plasma is extinguished. The figures show that the thruster turns off stably, and the electromagnetic interference noise in the primary circuit is sufficiently small.
Conclusion
By performing the coupling test between the developed 250-mN-class Hall thruster and PPU system (development model and engineering model), we studied the suppression technology for low-frequency oscillation and measured the effect of electromagnetic interference noise caused by current oscillation. First, by measuring the low-frequency oscillation of DM-Hall thruster and PPU, we successfully clarified the oscillation-free stable operation region for a wide range of external operation parameters. We then developed a synchronous PPU control method, which enables oscillation-free stable operation, even for transient operations such as the thruster being turned on. 
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Then, we applied this control method for EM-PPU control, and it was shown that for transient operations such as turning on the thruster, changing the thrust condition, and turning off the thruster, low-frequency oscillation-free operation can be realized. Also, electromagnetic interference noise in the primary bus power lines through the PPU was shown to be sufficiently small.
By applying operation parameter control by the PPU, not only during the stable operation, but also during transient operation such as start-up, low-frequency oscillation can be suppressed. This is expected to be a very important method for the stable control of the Hall thruster during its practical application. We think that low-frequency oscillation can be strongly suppressed by controlling the PCs. In particular, we consider that this method of PC control makes it easy to ensure electromagnetic compatibility with the other equipment in a satellite, and that it will be essential for the stable operation of the Hall thruster.
